Three previously undescribed species of wageneri group of Gyrodactylus Nordmann, 1832 (subgenus Limnonephrotus, Gyrodactylidae, Monogenoidea) related to G. lavareti Malmberg, 1957 are described here. G. pomeraniae sp. nov. was found on roach (Rutilus rutilus) in Poland and Belgium, G. ouluensis sp. nov. on roach in Finland and G. salvelini sp. nov. on Arctic charr (Salvelinus alpinus) in the Lake Inari, Finland. A molecular redescription of G. lavareti on Coregonus lavaretus is also presented, and G. bliccensis on Alburnus alburnus from river Morava, Czech Republic is included in the phylogenetic analysis. In addition, a hybrid clone of maternal G. pomeraniae sp. nov. and paternal G. lavareti found on farmed rainbow trout (Oncorhynchus mykiss) is characterized. The molecular species description was based on the complete CO1 gene of the mitochondrial DNA, and on phylogenetic comparison of the internal transcribed spacer segment (ITS1-5.8S rDNA-ITS2) of nuclear ribosomal DNA. The species hosted by cyprinids were basal in the phylogeny rooted by numerous relatives of wageneri-species group.
Introduction
In the course of our work with salmonid parasites in Finland, it became clear that there are some new Gyrodactylus species to be named. Of the observed phylogenetically separate units rather closely related with a whitefish parasite, only one had a name: G. lavareti Malmberg, 1957 . Yet, there were five closely related but isolated, reciprocally monophyletic and definitely distinct entities, not sharing the extant gene pool. We utilized mitochondrial CO1 gene and nuclear ITS to construct a phylogenetic hypothesis for the new taxa. The phylogeny of the nuclear and mitochondrial marker molecules gives a framework to understand their evolution and ecological differentiation (Sites and Marshall 2003) . The parasites formed a separate phylogroup among the wageneri-species group, on cyprinids (Rutilus rutilus, Alburnus alburnus) and salmonids (Coregonus lavaretus, Salvelinus alpinus, Oncorhynchus mykiss).
Materials and methods
Because the molecular analysis is not possible from picric acid preserved specimens, parasites were either studied as fresh, or as preserved in ethanol. In the case of fresh parasites, the worm was placed under a coverglass, inspected morphologically, then killed by adding ethanol and cut in two parts. The opisthaptor was prepared as a microscopy slide with picric acid-glycerol (Malmberg 1970) , and the rest of the body was used for molecular analysis. The ethanol-preserved worms were picked from the surfaces of fish, the opisthaptor was cut, softened and cleared on microscopy slides by 10% SDS or 120 µg/ml proteinase K (55°C for about 1 min), and then prepared as above.
The molecular methods used in the present study were adequately described earlier Lumme 2002, 2003; Ziêtara et al. 2006 Ziêtara et al. , 2008 , but the optimized set of primers is worth of listing. ITS rDNA fragment encompassig ITS1-5.8S-ITS2 and short fragments of flanking 18S and 28S rRNA genes was amplified with primers ITS1F (5'-GTTTC CGTAG GTGAA CCT-3') and ITS2R (5'-GGTAA TCACG CTTGA ATC-3') and sequenced with two additional primers ITS1R (5'-ATTTG CGTTC GAGAG ACCG-3') and ITS2F (TGG TG GATCA CTCGG CTCA-3'). Mitochondrial DNA encompassing complete COI gene was amplified in two overlapping fragments. A shorter 5' end fragment was amplified with Trp1F (5'-ATATA GACGA TTTGT TTTCA-3') and RCox5 (5'-GTACA TATGA AGTTA AGGGA-3'). A longer 3' end fragment was amplified with FCox6 (5'-TTGGA TCATA AGCGC ATYGG TAT-3') and 16SR (5'-CATTT AATCA TGATG CAAAA GG-3') primers. The PCR program was as above but the elongation step was carried out for 1 min 50 s. To shorten the amplification process to a single PCR reaction the reverse primers may be modified as follow: G. lavaretiThr1R (5'-ACAGA TTACT TGGTA TTACA-3'), G. pomeraniae × lavareti -Thr5R (5'-TTAGG TTACT TGGTA TTA CA-3'), G. pomeraniae sp. nov. -Thr6R (5'-TTAGG TTACT TGGTR TTACA-3') and G. salvelini sp. nov. -Thr7R (5'-ACAGA TCTCT TGGTA TTACA-3'). Three additional primers were used for sequencing: FCox7 (5'-TTTTC AATAG GTATG GACGT-3') for all species, LA (5'-TAATC GGCGG GTTCG GTAA-3') for fish farm hybrid and G. pomeraniae sp. nov. and LA1 (5'-TAATA GGGGG GTTTG GTAA-3') for G. lavareti and G. salvelini sp. nov.
Results

Molecular analysis: ITS phylogeny of the new species
The farm clone G. pomeraniae × lavareti, and its parental species had some rather close relatives as revealed by the ITS phylogeny of species of the subgenus G. (Limnonephrotus) and wageneri-species group. Apart from the three new species described here, G. bliccensis Gläser, 1974 (AJ407867 + AJ 407917) , and G. lavareti Malmberg, 1957 were included in the present analyses. These species formed a separate, wellsupported (73% bootstrap) phylogroup in the wagenerispecies group (data not shown but available from corresponding author). These taxa are so closely related with respect of the ITS that the spacer sequence rearrangements (insertions and deletions) can still be solved reliably (Fig. 1) .
The length of the ITS1 sequences was variable, even between these most close relatives, indicating insertions or deletions. In the 5' end of the ITS1 segment alignment, there was a 57 nucleotide long indel, separating the basal G. ouluensis sp. nov. from the other taxa. Concluding from the comparison with other species of the wageneri-species group, this segment was judged to be an insertion in the branch leading to G. bliccensis, G. pomeraniae sp. nov., G. lavareti, and G. salvelini sp. nov. The insertion was also observed in G. pomeraniae × lavareti clone, showing the ten divergent nucleotides on this segment as heterozygous. The insertion was independently observed in G. bliccensis, which was sequenced in Scotland, from material collected from Czech Republic (Matìjusová et al. 2001) .
By a BLAST search (Basic Local Alignment and Search Tool) from GenBank for this 57 bp insert, a nearly perfect hit 5'-TTGAT CCGTT GGTGA CTTGT ACTAC CAGTG CTT GC ACTCG TACTCA GGGTC GACGGT was found in the intergenic spacer (IGS) of the rDNA of Gyrodactylus salaris, described by Collins and Cunningham (2000; accession number AJ276032) . In G. salaris, the fragment was localized in the non-repeated segment, position 889-948 in the 2.62 kb PCR product of IGS. As a statistical test, the BLAST gave E = 2e -11 (E = expected number of "as good as this or better" hits without evolutionary relatedness), when comparing the fragment from G. pomeraniae × lavareti clone sequence with G. salaris IGS. The IGS fragment from G. salaris had only three unique nucleotides out of 57, all other variable nucle-121 OEl¹ski Fig. 1 . Evolutionary events: insertions, deletions and unsolved indels in the phylogroup of the new species described here. The tree was constructed by Maximum Parsimony method based on nucleotide substitutions, and the indels were localized on this scaffold otides in fifteen variable sites were found in the species group investigated here. This distribution was expected because the segment most probably is under strong selective constraints as long as it is located in non-repeated IGS, but the constraints have relaxed in the new position in the hypervariable segment of ITS1. This insertion was synapomorphic in the clade under study, missing only in G. ouluensis sp. nov. which was basal also with respect to the single nucleotide substitutions in the conservative segments of the ITS1 and ITS2 (Fig. 1) .
In addition to this phylogenetically informative 57 bp insertion, G. bliccensis (Matìjusová et al. 2001 ; AJ407867) had a 37 bp deletion, overlapping the short GAGAA segment which was missing in three other taxa. This GAGAA was present in the basal G. ouluensis and in the most derived species G. salvelini, but it was absent in G. lavareti and G. pomeraniae, as well as in their hybrid. This distribution is not congruent with the phylogenetic tree based on nucleotide substitutions, but it can be explained to be a consequence of the original polymorphic (heterogeneous and heterozygous) phase unavoidable in the initial history of a deletion in a tandemly repeated and diploid rDNA gene family. Thus, GAGAA can be considered as a marker illustrating the lineage sorting and retention of ancestral polymorphism in this phylogenetic clade.
Gyrodactylus lavareti and G. salvelini sp. nov. differed by 13 substitutions: 7 transversions and 6 transitions along the 1083 common and perfectly aligned nucleotides, in addition to the GAGAA still present in the parasite of Arctic charr. Thus, they are very close relatives, and also share the synapomorphic host family, Salmonidae. The plesiomorphic host family of this phylogroup obviously is Cyprinidae.
Order: Gyrodactylidea Bykhovskiy, 1937 Family: Gyrodactylidae Beneden et Hesse, 1864 Genus: Gyrodactylus Nordmann, 1832 Subgenus: G. (Limnonephrotus) Malmberg, 1970 Species group: G. wageneri-group sensu Ziêtara and Lumme (2002) . All species here described are members of this species group. The general chracteristics of the haptoral hard parts fit with the amended species group presented by Malmberg (1970) and Malmberg et al. (2007) .
Gyrodactylus pomeraniae sp. nov. (Figs 1 and 2)
Records of specimens, molecular analysis: The definitive species recognition is based on the nucleotide sequence of internal transcribed spacers of nuclear ribosomal DNA and mtDNA. The accession number for the ITS1-5.8S rDNA-ITS2 and short flanking segments from the holotype specimen is DQ993188. The holotype was cut in two: the haptor was deposited on slide ZMOulu-EM231-Gyrodactylus-01-#001, the remaining of the specimen was used for DNA analysis. The ITS sequence was repeated from three specimens and it was identical to five other specimens from Belgium (EF69 3954). In addition, one of the two ITS alleles obtained by cloning from the heterozygous hybrid G. pomeraniae × lavareti (EF143068) differed by one nucleotide from the sequence of G. pomeraniae from Belgium and Poland. The two sequences differ by one nucleotide. Two mitochondrial DNA sequences belonging to G. pomeraniae sp. nov. have been observed: EF446766 of the Polish holotype, and EF693955 from the Belgian clone, which differ by 2.3% (K2P). The mtDNA found in the hybrid G. pomeraniae × lavareti was closer to the Polish isolate (1.4%).
Records of specimens, morphological analysis: Five specimens from two Polish roaches were measured. Body small (total length on slide was 0.33 mm). Morphology of the haptoral hard parts is typical to the wageneri group. Total length of anchor 61 µm, shaft 35 µm, point 26 µm and root 15-16 µm. Ventral bar width 21 µm, basal median length 5.4 µm, membrane length 8.9 µm. Marginal hook total length 22 µm, shaft 18 µm, and length of the filament loop 9.3 µm, sickle length 4.4 µm (Fig. 2) . The microscopy slides (6 specimens from Poland, 3 from Belgium) of the opisthaptor structures of G. pomeraniae sp. nov. were deposited in the inverterbrate collection of the Zoological Museum of the University of Oulu, specimen number ZMOulu-EM231-Gyrodactylus-01-#001 to #006 (Polish, #001 as the holotype, others as paratypes), and ZMOulu-EM231-Gyrodactylus-01-#033 to #035 (Belgian paratypes).
Type host: Roach, Rutilus rutilus (L. Etymology: The specific name pomeraniae means from Pomerania, the area of the type locality in Poland.
Gyrodactylus ouluensis sp. nov. (Figs 1 and 2) Records of specimens, molecular analysis: The definitive species recognition is based on the nucleotide sequence of internal transcribed spacers of nuclear ribosomal DNA. This species is described here because it is a close relative of the other species in this study, and helps to understand the scale of morphological and molecular divergence. The ITS sequence was deposited in GenBank as AF484546, originally without naming the species Lumme 2002, 2004) . The mitochondrial DNA sequence of this species has not been determined.
Records of specimens, morphological analysis: Four specimens were measured, all collected from one fish. Total length of anchor 71-73 µm, shaft 45 µm, point 32-34 µm and root 23-25 µm. Ventral bar width 30 µm, basal median length 8.3 µm, membrane length 17.9 µm. Marginal hook total length 34 µm, shaft 28 µm, and length of the filament loop 11.9 µm, sickle length 6.6 µm. The shapes of the haptoral hard parts were typical to the wageneri group (Fig. 2) Gyrodactylus salvelini sp. nov. (Figs 1 and 2) Records of specimens, molecular analysis: The definitive species recognition is based on the nucleotide sequence of internal transcribed spacers of nuclear ribosomal DNA and mtDNA. This species is the closest known relative of G. lavareti, differing from it with respect to ITS (EF113106) by 13 single nucleotide substitutions and a 5 bp GAGAA indel (present in G. salvelini sp. nov., absent in G. lavareti, Fig. 1 ). The mitochondrial CO1 sequence (EF524572) differed from G. lavareti by 15.4% (K2P × 100).
Records of specimens, morphlogical analysis: The parasite was observed on six very weakly infected fish. They were the largest parasites in the phylogroup described here. Total length of anchor hook 87 µm, shaft 61 µm, point 42-43 µm and root 25 µm. Ventral bar width 33 µm, basal median length 8.8 µm, membrane length 18.6 µm. Marginal hook total length 46 µm, shaft 39 µm, and length of the filament loop 18.9 µm, sickle length 8.9 µm. The shapes of the haptoral hard parts were typical to the wageneri group (Fig. 2) Note: There is only one Gyrodactylus species previously described on Arctic charr (G. birmani Konovalov, 1967 , from Far East), but according to the species description (repeated by Ergens 1983 and Malmberg 1993) , the new species morphologically differs greatly from G. birmani, and is much bigger. Anchor hook length of G. birmani was reported to be 68-76 µm, and the marginal hook sickle was very robust but only 7-8 µm long. Robertsen et al. (2007) reported two different strains of G. salaris in Norwegian Arctic charr populations, both closely related to the salmon parasites in their respective geographical areas when compared by ITS and mitochondrial DNA. (Fig. 2) Records of specimens, molecular analysis: The only useful diagnostic characteristic for identification of G. pomeraniae × lavareti clone is the combination of heterozygous ITS of rDNA carrying 28 heterozygous nucleotides and the specific mtDNA of G. pomeraniae sp. nov. The accession numbers of The mitochondrial COI gene sequence is also diagnostic (AY 225306) and originates from the maternal parent G. pomeraniae sp. nov. This species is one monophyletic asexual clone. Altogether, 945 specimens were identified by diagnostic PCR in ten rainbow trout farms. Records of specimens, morphological analysis: The parasites investigated on rainbow trout were very similar to G. lavareti Malmberg, 1957 and cannot be separated from it by morphology or morphometrics (Fig. 2) . Measurements were made on specimens collected in April 27, 1999. Total length of anchor 95 µm, shaft 56 µm, point 34-35 µm and root 25 µm. Ventral bar width 33 µm, basal median length 8.2 µm, membrane length 18.4 µm. Marginal hook total length 39 µm, shaft 32 µm, and length of the filament loop 15.4 µm, sickle length 6.6 µm. The shapes of the haptoral hard parts were typical of the wageneri group (Fig. 2) . G. pomeraniae × lavareti clone has so far only been recorded from rainbow trout (Oncorhynchus mykiss), farmed in northern Finland. The microscopy slides of the haptoral structures of G. pomeraniae × lavareti were deposited in the invertebrate collection of the Zoological Museum of the University of Oulu, specimen number ZMOulu-EM231-Gyrodactylus-01-008 to 009. Also, the slides in the Göran Malmberg's collection in the University of Stockholm, labelled as G. lavareti from Finnish rainbow trout farms, most probably represent G. pomeraniae ×lavareti.
Gyrodactylus pomeraniae × lavareti, a hybrid clone
Host: Rainbow trout, Oncorhynchus mykiss (Walbaum, 1792).
Localities: Rainbow trout farms in northern Finland. Site on host: Fins and skin. Date of collection: 1998-2006. Note: The parasites reported as G. lavareti from same area by Koski and Malmberg (1995) represents probably the same clone. Further distribution is unknown, but the clone was not present among 253 rainbow trout farm parasites screened in ten farms in Poland (Rokicka et al. 2007) , and "G. lavareti" is not reported in farms in any other countries but Sweden ). (Figs 1 and 2) Records of specimens, molecular analysis: The specimens analyzed here were from the type host Coregonus lavaretus and also from the type area (the Baltic Basin). Internal transcribed spacer DNA sequences (ITS1-5.8S rDNA-ITS2) were deposited in GenBank with accession numbers EF113104 from Kuontijärvi, Finland. Other sequences were EF536078 (Kostonjoki) and EF536079 (Lokka Reservoir). Five slightly variable mitochondrial sequences from parasites on the type host Coregonus lavaretus from Kuontijärvi, Kostonjoki and the Lokka Reservoir were deposited by accession numbers EF446762-5 and EF524571.
Gyrodactylus lavareti Malmberg, 1957
Records of specimens, morphological analysis: Total length of anchors 84 µm, shaft 58-59 µm, point 36 µm and root 26-27 µm. Ventral bar width 29 µm, basal median length 8.4 µm, membrane length 18 µm. Marginal hook total length 40 µm, shaft 33 µm, and length of the filament loop 15.3 µm, sickle length 7.7 µm. The shapes of the opistohaptor hard parts were typical to the G. wageneri group (Fig. 2) . Total length of an idividual on microscopy slide was 0.57 mm, as compared to 0.33 mm of G. pomeraniae. As specimens linked with the DNA, microscopy slides prepared from molecularly confirmed specimens of G. lavareti were deposited in the invertebrate collection of the Zoological Museum of the University of Oulu, specimen number ZMOulu-EM231-Gyrodactylus-01-#022 to #024.
Type host: Whitefish, Coregonus lavaretus (L. Note: This is a redescription to establish the molecular diagnosis for the species. This is also a revision, because the name has been erroneously used in literature few times. The species G. lavareti was described on Coregonus lavaretus from Ottsjön, Jämtland, Sweden by Malmberg (1957) . The size of Malmberg's specimens fits well with the Kuontijärvi sample (82-84 µm). Ergens (1983) prepared a redescription based on additional specimens from Pyaozero, the White Sea basin, Russian Karelia. Ergens (1983) also compared specimens on Coregonus nasus recorded by Konovalov from the River Penzhina, Kamchatka, but did not name them as G. lavareti. The only reliably observed host of G. lavareti is whitefish (Coregonus lavaretus). Altogether, 945 morphologically similar specimens studied by us on rainbow trout (Oncorhynchus mykiss) were never confirmed molecularly to be real G. lavareti. Consequently, we conclude that the name G. lavareti was used for the hybrid G. pomeraniae × lavareti in the reports of Koski and Malmberg (the work was based on morphology, 1995), Ziêtara and Lumme (heterozygous sequences of ITS of rDNA, 2002), Meinilä et al. (2004: mtDNA sequence AY225306 used as an outgroup for a phylogeny of G. salaris) and Hansen et al. (2006 Hansen et al. ( , 2007 the above mtDNA cited and used as an outgroup for a phylogeny). The GenBank should be corrected to be consistent with the present observations by the publication of this paper.
Discussion
The morphological and morphometric diagnosis of Gyrodactylus species is evidently difficult . The best evidence of this difficulty is the ratio of described and named species to the estimated global number of species. Bakke et al. (2002) predicted that the real number of species might be more than 20 000, yet only 409 names are considered valid and available (Harris et al. 2004) . It is self-evident but not necessarily explicitly understood that managing 20 000 species in a morphological archive based on subtle differences in the (drawings of) opisthaptoral hard parts is next to impossible. The morphological species perception is based on the observed discontinuities, and it is nondimensional, without good information about the fine-scale (species level) evolution (Avise and Walker 1998) . Thus, additional and more informative characters are needed, and available in the form of DNA sequences. The CO1 gene is the suggested DNA barcode, but the nuclear ITS is until present more commonly utilized among Gyrodactylus. This work demonstrated that both markers are needed to understand the evolution and even taxonomy of parasites in this genus.
From the genus-wide comparisons of ITS available for thẽ 75 species of Gyrodactylus, it seems that few nucleotides (say, less than 1%) should be allowed to change between sequences to still keep the specimens under the same name, but not much more Lumme 2002, 2003 ; see also Blouin 2002) . The difference between the nuclear marker and mtDNA is that the latter is never heterozygous, while the ITS could be, but extremely seldom is heterozygous. The hybrid G. pomeraniae × lavareti described here was permanently heterozygous for 28 nucleotides, thus demonstrating convincingly that it was a hybrid. With good luck, also the parental species were found, allowing us to conclude that the heterozygosity is not transient heterogeneity.
The mitochondrial DNA behaves differently than the nuclear ITS. If the mtDNA sequence of some considerable length of two specimens is identical, then their most recent maternal ancestor existed quite recently. The divergence rate of mtDNA in G. salaris was estimated to be 7.6 to 13.3% per million years (Kuusela et al. 2007) . For mtDNA, the tolerance to accept two sequences to be similar enough to belong to the same species should be higher than for ITS, but perhaps less than ten percent. In G. lucii, a parasite of rather sedentary northern pike Esox lucius, the geographically separate clades from the White Sea and Baltic Sea basins had mean divergence 6.7% (K2P, Ziêtara et al. 2008) . The possibility of distant hybridization like in G. pomeraniae × lavareti could lead to reticulate phylogenies, and we suggest that mtDNA is not alone satisfactory barcoding molecule for Gyrodactylus.
Barcoding is meant to support biological taxonomy and the study of diversity. As a bonus, molecular methods producing DNA sequence data also give high quality systematic information, which in Gyrodactylus is mostly based on nuclear ITS (Cable et al. 1999; Ziêtara et al. 2000; Matìjusová et al. 2001 Matìjusová et al. , 2003 Volckaert 2002, 2005; Boeger et al. 2003; Huyse et al. 2003 Lumme 2003, 2004; LeBlanc et al. 2006; Ziêtara et al. 2008) . At least in Gyrodactylus, the traditional systematics and division to subgenera has been under criticism by many authors (Matìjusová et al. 2003 , while other authors have been less explicit in pointing out the inadequacy of the subdivisions, as long as the sampling is significantly less than global .
As a conclusion, we would like to supplement all species descriptions and diagnosis of Gyrodactylus on consistent, repeatable, seasonally and spatially stable molecular characteristics, which also are independent of the host species, and which contain a biologically interesting record of the past history. There are already several cases (reviewed by Bakke et al. 2007) where the species recognition initially was based on the knowledge about the internal transcribed spacer (ITS) of nuclear rDNA, and the morphological and metric description was composed a posteriori to respect the traditions.
